Copyright © 2001 by the Genetics Society of America

Genetic Composition and Diploid Hybrid Speciation of a High Mountain Pine,
Pinus densata, Native to the Tibetan Plateau

Xiao-Ru Wang,*' Alfred E. Szmidt' and Outi Savolainen®

*Laboratory of Systematic and Evolutionary Botany, Institute of Botany, Chinese Academy of Sciences, 100093 Beijing, China,
*Department of Biology, Graduate School of Science, Kyushu University, Fukuoka 812-8581, Japan, SDepartment of Biology,
Oulu Unaversity, 90570 Oulu, Finland and 'National Institute for Working Life, 907 13, Umed, Sweden

Manuscript received February 12, 2001
Accepted for publication June 22, 2001

ABSTRACT

Pinus densata has been suggested to have originated from hybridization events involving P. tabulaeformis
and P. yunnanensis. In this study, allozyme differentiation at 12 loci was studied in 14 populations of
P. tabulaeformis, P. densata, and P. yunnanensis from China. The observed genetic composition of
P. densata supported the hybrid hypothesis and showed varying degrees of contribution from P. yunnanensis
and P. tabulaeformis among its populations. These data, together with previous chloroplast DNA results,
indicated different evolutionary histories among P. densata populations. To examine the possibility of
ongoing hybridization among the three species, we analyzed patterns of linkage disequilibria between
allozyme loci in ovule, pollen, and zygote pools. None of these tests suggested that there is significant
ongoing gene exchange, implying that populations of P. densata have a stabilized hybrid nature. The
normal fertility and high fecundity of P. densata indicate that this hybrid is maintained through sexual
reproduction. P. densala represents an example of diploid hybrid speciation in an extreme ecological
habitat that is both spatially and ecologically separated from that of its parents.

N plants, hybridization and introgression are known
to be important evolutionary forces (ANDERSON and
STEBBINS 1954; STEBBINS 1969; GRANT 1981; ARNOLD
1992). Gene flow between species may lead to uni- or
bi-directional gene exchange, may eliminate species
boundaries after secondary contact, may generate unsta-
ble tension zones, or may initiate stable speciation events
(BArTON and HewrtT 1985; PAIGE ef al. 1991; WHIT-
TEMORE and ScHAAL 1991; RIESEBERG 1997). Hybrid
speciation in plants through polyploidy is much more
common than homoploid hybrid speciation, because
the duplication in chromosome number provides the
hybrid with an effective means of reproductive isolation
from its parental species. Hybrid speciation without an
increase in ploidy must, in contrast, involve other isolat-
ing factors such as ecological and spatial isolation and/
or some degree of chromosomal or genetic incompati-
bility (ANDERSON 1948; MCCARTHY et al. 1995; RIESE-
BERG and CARNEY 1998; BUERKLE et al. 2000).

The occurrence of several crossable sympatric species
from the genus Pinus in Asia has led to suggestions that
some species arose as a result of hybridization (Wu 1956;
Mirov 1967). One example is Pinus densala, which is
distributed in southwestern China and the Tibetan pla-
teau. It has been suggested, following analysis of its
morphological characters, that P. densata arose as the
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product of natural hybridization between P. tabulaeformis
and P. yunnanensis (Wu 1956; Mirov 1967). This view
is supported by morphological data (WANG 1961), allo-
zyme analysis (WANG et al. 1990), and the distribution of
chloroplast DNA (cpDNA) polymorphism (WANG and
SzmipT 1990, 1994). Like most pine species, P. densala
is diploid (2N = 24) and has a karyotype similar to P. ta-
bulaeformis (YANG 1987). Thus, the evolution of P. densata
does not involve polyploidy.

Hybridization and introgression have been reported
for several other conifer species complexes where hy-
bridization goes on in the narrow hybrid zone of sym-
patry of the parental taxa (e.g., SZMIDT et al. 1988; ERNST
et al. 1990; SUTTON el al. 1991; WAGNER ef al. 1991;
SIGURGEIRSSON 1992). In such a situation the hybrid
zone is maintained mainly by current gene flow and the
evolutionary fate of the hybrids remains to be deter-
mined. In contrast, P. densata appears as a well-devel-
oped and stabilized species that has a large distribution
range and occupies a unique habitat at high elevations
that appears inaccessible to other pines in the region
(Wu 1956; Guan 1981). The geographic distribution of
the three species forms a succession, with P. tabulaeformis
in the north, P. densatain the middle, and P. yunnanensis
in the south (Figure 1). P. densata overlaps, in latitude,
only slightly with P. tabulaeformis and P. yunnanensis at
the margins. The degree of overlap is further dimin-
ished when we consider the distribution of the three
species with respect to altitude. P. densata occurs at
higher elevations (2700-4200 m above sea level) than
both P. tabulaeformis (0-2600 m) and P. yunnanensis
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FIGurRE 1.—Geographic
distribution of the sampled
populations of P. tabulae-
formis, P. densata, and P. yun-
nanensis.
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(600-3100 m) (Wu 1956; Guan 1981). However, exten-
sive pollen flow is often observed in conifers (ENNOS
1994). Thus, the possibility of current gene exchange
with the putative parents remains to be examined. In
addition, the genetic composition of the hybrid popula-
tions, the mating pattern, and population genetic struc-
ture also require quantification.

Detailed studies on population genetic structure are
important for understanding the effects of introgression
on the maintenance of species differences, hybrid popu-
lation dynamics, and the potential differences in the
evolutionary biology of organellar vs. nuclear genes
(AsMUSSEN et al. 1987; RIESEBERG and CARNEY 1998).
Estimation of the degree of gametic disequilibrium can
provide an indirect reference for the significance of
current gene flow in the maintenance of the hybrid
zone. However, despite much theoretical work in this
field, there have been very few studies on associations
between loci in outcrossing conifer populations (MUuONA
and SzmipT 1985). Inferences about linkage disequilib-
rium rely on measures of gametic frequencies. Unless
gametic frequencies are directly observable, they are
inferred from genotypic frequencies under the assump-
tion that the union of gametes is random. Thus, the
analysis of linkage disequilibrium in diploid samples is
subject to large uncertainties, due to the fact that double
heterozygotes cannot be apportioned to coupling and
repulsion phases unless the sample size is sufficiently
large (BROwWN 1975; WEIR and CocKERHAM 1979). Coni-
fers are interesting materials for detailed studies on
population genetic structure. Simultaneous analysis of
the haploid megagametophyte and diploid embryo in
aseed allows the female and male gametic contributions
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to the zygote to be separated. Thus, it is possible to
study separately the ovule and pollen pools that make up
the zygotes. This approach can also be used in studying
multilocus associations in conifer populations by mea-
suring the disequilibria separately in haploid ovules and
pollen.

In our previous analysis, only one population of each
of the three species, P. tabulaeformis, P. densata, and P. yunna-
nensis, was analyzed for allozyme variation (WANG et al.
1990), and no other report has been published concern-
ing the population structure of these three pines. The
study presented here was designed to provide a detailed
assessment of genetic structure in these three taxa at
the allozyme level. We examined the level and distribu-
tion of genetic variation within and among populations,
the mating pattern, gametic pool composition, and link-
age disequilibrium in populations of all three species.
On the basis of this information we discuss the mecha-
nisms that led to the speciation of P. densata. In particu-
lar, four questions are addressed. Do the new allozyme
data conform to earlier evidence indicating that P. den-
sata has a hybrid origin? Is there significant ongoing
hybridization among species in this complex? What is
the relative gene contribution from the putative paren-
tal taxa to the investigated populations of P. densata?
Finally, do different P. densala populations have the
same origin and a similar evolutionary history?

MATERIALS AND METHODS

Seed material: Bulked seed samples were obtained from
eight natural populations of P. tabulaeformis (Pt-1, -2, -3, -5,
-6, -8, -9, and -10), three populations of P. densata (Pd-1, -2,
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and -7) and three populations of P. yunnanensis (Py-1, -2,
and -3) from the natural range of each species in China. The
geographic distribution of these populations is presented in
Figure 1. Two populations of P. tabulaeformis (Pt-9 and Pt-10)
and one population of P. yunnanensis (Py-1) originated from
the region of close sympatry with P. densata (Figure 1). The
remaining populations of P. tabulaeformis and P. yunnanensis
were located outside the range of P. densata. Of the three
populations of P. densata, one population (Pd-7) was located in
the region of sympatry with P. yunnanensis, while the remaining
two populations originated from the north-central part of
its distribution, which is outside the ranges of both putative
parental species (Figure 1). The exact number of trees in-
cluded in these collections is unknown, but appears to be
>50. The megagametophyte and embryo from each seed were
separated and analyzed simultaneously for all the enzyme sys-
tems used in this study. From 100 to 195 megagametophytes
and their corresponding embryos were analyzed from each
population.

Allozyme analyses: For allozyme electrophoresis, seeds were
germinated for ~14 days until a 3-mm radicle emerged from
the seed coat. Enzymes were extracted as previously described
(WANG et al. 1990), and allozymes were separated in 12%
starch gels. Seven enzyme systems, encoded by 13 loci, were
scored as described previously (WANG et al. 1990). One locus,
Pgm-2, was excluded from further analysis since the reproduc-
ibility of the results associated with it from some populations
was poor. All the remaining 12 loci were assessed simultane-
ously in each megagametophyte and the corresponding em-
bryo. The separate female and male gamete contributions to
the zygote were deduced through comparison of allozyme
patterns in the haploid megagametophyte and diploid
embryo.

Statistical analysis: Diversity measurements: Allozyme frequen-
cies, expected (H,, NEI 1978) and observed (H,) heterozygos-
ity, and gene diversity statistics were calculated using version
1.7 of the BIOSYS program (SwOFFORD and SELANDER 1981).
A locus was considered polymorphic if the frequency of the
most common allele did not exceed 0.95. All calculations were
made separately for ovules, pollen, and zygotes. Differences
in allele frequencies between ovule and pollen pools of each
population were tested (Fisher’s exact test) by the Markov
chain method, involving 1000 dememorizations with 100
batches and 2000 iterations, using the GENEPOP ver. 3.1
program (RaymMoND and RousseT 1995). If there were allelic
differences between the ovule and pollen pool, the expected
heterozygosity was calculated as H.' = 1 — 2PxP,,, where Py
and P, are the allelic frequencies for ovule and pollen, respec-
tively.

The fit of genotypic frequencies to the Hardy-Weinberg
(H-W) expectation was tested using the exact test (HALDANE
1954; Guo and THOMPSON 1992). For this, the complete enu-
meration method (Lours and DEmMPsTER 1987) was applied
for loci with up to four alleles and the Markov chain method
for loci with more than four alleles, again involving 1000 de-
memorizations with 100 batches and 2000 iterations, using the
GENEPOP ver. 3.1 program (RaymoND and RousseT 1995).
In addition, single-locus and mean fixation indices (FI) were
computed for polymorphic loci as described by CURIE-COHEN
(1982).

Population differentiation was analyzed for polymorphic
loci in ovules, pollen, and zygotes by F-statistics (WEIR and
CockeErHAM 1984). I, (0) values and the probability test (exact
G-test, GOUDET et al. 1996) were estimated using 1000 random-
izations with the program FSTAT ver. 2.8 (GoubpET 1995), not
assuming random mating within samples. Population relation-
ships were inferred from the allozyme data applying the UP-
GMA clustering method on the basis of NEI's (1978) unbiased
genetic distance. The UPGMA tree was constructed using

TFPGA program ver. 1.3 (MILLER 1997). To generate confi-
dence estimates in the constructed tree, the bootstrap proce-
dure with 1000 permutations was employed.

Linkage disequilibria: To examine the possibility of ongoing
hybridization among the three species, we analyzed patterns
of linkage disequilibria between loci in ovule, pollen, and
zygote pools. Measures of linkage disequilibrium were calcu-
lated as described by WEIR (1996). The probability test (Fish-
er’s exact test) for each within-population locus-pair contin-
gency table was performed using the Markov chain method,
with 1000 dememorizations, 100 batches, and 2000 iterations
per batch. An association between loci was considered signifi-
cantly different from zero if the exact test gave a probability
<0.05. The multiple testing was performed using the GENE-
POP ver. 3.1 computer program (RAYMOND and ROUSSET
1995).

Allozyme admixture: The relative contributions from P. tabu-
laeformis and P. yunnanensis to the investigated populations
were estimated using a least-squares procedure developed by
RoBERTS and HiorNs (1965) and ELstoN (1971). The calcu-
lated index of gene migration (m) is considered an estimate
of the proportion of genes in a population derived from the
reference taxon. The standard error of m was calculated as
described by DRAPER and SMmiTH (1966) and WHEELER and
GURIEs (1987). All calculations were made as the proportion
of genes derived from P. yunnanensis and P. tabulaeformis, re-
spectively. The frequencies for all alleles scored were included
in the analysis.

RESULTS

Allele frequency: Twelve loci were inferred for ovules,
pollen, and zygotes in each of the 14 investigated popu-
lations. Of these 12 loci, 9 were polymorphic (frequency
limit for most common allele: 0.95) in at least 1 popula-
tion. Allozyme frequencies in zygotes for each of the 3
populations of P. densata are given in Table 1 and were
compared to the mean allozyme frequencies found for
P. tabulaeformis and P. yunnanensis. Allozyme frequencies
for individual populations of P. tabulaeformis and P. yun-
nanensis can be obtained upon request from the senior
author. The most polymorphic loci included Pgm-1, Fes,
Lap-2, Got-3, and Sdh-1. Little polymorphism was found
at the Mdh-1, Mdh-2, and Gdh-1 loci. Distinct differences
were found at the Lap-2 locus, which was highly variable
in P. yunnanensis and P. densata but nearly monomor-
phic in P. tabulaeformis. The Sdh-1 locus, however, was
more variable in P. tabulaeformis and P. densata than in
P. yunnanensis. The Got-3 locus was highly polymorphic
in all three species, but for different alleles (Table 1).
At all the loci that varied markedly between P. tabu-
laeformis and P. yunnanensis, P. densata nearly always
showed an intermediate allozyme composition, with
Pd-7 tending to be more similar to P. yunnanensis. Alleles
restricted to P. tabulaeformis and P. yunnanensis were
detected at several loci, e.g., Pem-1 and SDh-1, and they
were also often found in P. densata. At other loci, most
of the unique alleles for P. tabulaeformis and P. yunna-
nensis had very low frequencies (<0.05) and they were
not always detected in P. densata. Among all the 12 loci
examined, only two alleles specific to P. densata were
detected, at Got3 and SDA-2, with frequencies ranging
from 0.004 to 0.075.
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TABLE 1

Mean allele frequencies at 12 loci in populations of P. tabulaeformis and P. yunnanensis
and in each of the P. densata populations

P. densata

P. tabulaeformis P. yunnanensis

(No. pop. = 8; Pd-1 Pd-2 Pd-7 (No. pop. = 3;
Loci N = 959) (N = 195) (N = 133) (N = 147) N = 334)
Pgm-1
1 0.230 0.049 0.045 0.031 0.000
2 0.706 0.884 0.823 0.677 0.865
3 0.054 0.067 0.132 0.265 0.131
4 0.010 0.000 0.000 0.003 0.000
5 0.001 0.000 0.000 0.024 0.004
MDh-1
1 0.014 0.033 0.041 0.024 0.024
2 0.984 0.964 0.940 0.963 0.976
3 0.003 0.003 0.019 0.014 0.000
MDh-2
1 0.977 0.962 1.000 0.990 0.999
2 0.022 0.038 0.000 0.003 0.001
3 0.001 0.000 0.000 0.007 0.000
Fes
1 0.206 0.443 0.244 0.133 0.188
2 0.632 0.461 0.605 0.779 0.554
3 0.100 0.096 0.135 0.065 0.051
4 0.042 0.000 0.004 0.000 0.002
5 0.018 0.000 0.000 0.000 0.008
6 0.003 0.000 0.011 0.024 0.197
Lap-1
1 0.930 0.885 0.906 0.959 0.985
2 0.039 0.000 0.004 0.000 0.002
3 0.026 0.115 0.090 0.037 0.012
4 0.003 0.000 0.000 0.003 0.001
5 0.002 0.000 0.000 0.000 0.000
Lap-2
1 0.027 0.003 0.008 0.000 0.000
2 0.948 0.863 0.799 0.539 0.731
3 0.018 0.131 0.193 0.461 0.269
4 0.007 0.003 0.000 0.000 0.000
Got-1
1 0.107 0.079 0.085 0.191 0.144
2 0.884 0.897 0.867 0.799 0.853
3 0.009 0.023 0.048 0.010 0.003
Got-2
1 0.007 0.000 0.000 0.000 0.084
2 0.955 1.000 1.000 1.000 0.854
3 0.038 0.000 0.000 0.000 0.000
4 0.000 0.000 0.000 0.000 0.060
5 0.000 0.000 0.000 0.000 0.001
Got-3
1 0.265 0.605 0.627 0.824 0.783
2 0.634 0.379 0.354 0.176 0.207
3 0.099 0.011 0.015 0.000 0.002
4 0.000 0.005 0.004 0.000 0.000
5 0.000 0.000 0.000 0.000 0.006
6 0.001 0.000 0.000 0.000 0.000
7 0.000 0.000 0.000 0.000 0.001
GDh
1 0.995 1.000 1.000 1.000 1.000
2 0.004 0.000 0.000 0.000 0.000
3 0.001 0.000 0.000 0.000 0.000

(continued)
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TABLE 1
(Continued)
P. densata

P. tabulaeformis P. yunnanensis

(No. pop. = 8; Pd-1 Pd-2 Pd-7 (No. pop. = 3;
Loci N = 959) (N = 195) (N = 133) (N = 147) N = 334)
SDh-1
1 0.002 0.000 0.000 0.000 0.000
2 0.828 0.361 0.355 0.010 0.000
3 0.125 0.637 0.645 0.990 0.976
4 0.029 0.003 0.000 0.000 0.021
5 0.014 0.000 0.000 0.000 0.000
6 0.000 0.000 0.000 0.000 0.003
7 0.003 0.000 0.000 0.000 0.000
SDh-2
1 0.015 0.077 0.040 0.090 0.025
2 0.980 0.923 0.881 0.903 0.975
3 0.005 0.000 0.004 0.000 0.000
4 0.000 0.000 0.075 0.007 0.000

N = sample size.

Allele frequency differences between the two gametic
pools were very minor (data not shown). If allelic differ-
ences between ovule and pollen pools were present, the
expected heterozygosity would be higher than the H-W
expectation. The effect of allelic differences on esti-
mates of expected heterozygosity is shown in Table 2.
The expected heterozygosity (H.") based on the allele
frequencies in the ovules and pollen was calculated for
each locus, and the mean value for each population is

listed in Table 2. The difference in H.' compared to H,
based on allele frequencies in zygotes is negligible.
Thus, in the following H-W test and FI estimates, allele
frequencies in the zygotic population were used.
Diversity measures and population differentiation: A
summary of genetic variability measures at 12 loci in
the investigated populations is given in Table 2. The
average proportion of polymorphic loci ranged from
50% in P. yunnanensis to 67% in P. densata. The average

TABLE 2

Gene diversity measures in ovule, pollen, and zygote pools and estimates of departures
from H-W equilibrium in zygote populations

Sample size By H,' H, H,

Population per locus P (ovule) (pollen) (zygote) (zygote) (zygote) FI
Pt-1 115.3 = 0.4 50.0 0.232 0.189 0.215 0.212 0.197 0.043
Pt-2 102.8 = 0.2 50.0 0.181 0.151 0.168 0.167 0.162 0.034
Pt-3 109.3 = 0.4 58.3 0.191 0.185 0.190 0.188 0.175 0.040
Pt-5 144.1 = 2.8 41.7 0.175 0.181 0.178 0.178 0.167 0.020
Pt-6 110.0 = 0.0 50.0 0.193 0.187 0.192 0.190 0.177 0.035
Pt-8 108.5 = 0.2 50.0 0.196 0.198 0.199 0.197 0.190 0.018
Pt-9 119.5 = 0.2 58.3 0.226 0.204 0.218 0.216 0.213 0.020
Pt-10 136.4 = 3.3 66.7 0.255 0.238 0.247 0.246 0.248 —0.019
Average Pt 946.0 = 3.8 58.3 0.214 0.198 0.206 0.205 0.193

Pd-1 1914 = 2.6 66.7 0.237 0.204 0.224 0.222 0.191 0.097
Pd-2 128.7 = 2.5 75.0 0.253 0.219 0.242 0.239 0.229 0.038
Pd-7 144.8 = 0.8 50.0 0.204 0.179 0.196 0.194 0.165 0.069
Average Pd 464.9 = 3.9 66.7 0.246 0.216 0.234 0.232 0.194

Py-1 114.8 = 0.3 58.3 0.193 0.178 0.187 0.186 0.184 0.014
Py-2 111.3 £ 0.3 50.0 0.197 0.190 0.194 0.193 0.179 0.021
Py-3 105.6 = 0.3 50.0 0.182 0.172 0.181 0.178 0.170 0.007
Average Py 331.8 £ 0.6 50.0 0.195 0.183 0.190 0.190 0.178

P, percentage of polymorphic loci (0.95 criterion); Ay, hy,, gene diversity in ovule and pollen pools, respectively;
H, and H,, expected and observed heterozygosity; H.', expected heterozygosity calculated from ovule and
pollen allele frequencies; FI, mean fixation index over polymorphic loci.
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TABLE 3

F,, (WEIR and COCKERHAM 1984) values among the investigated populations of P. tabulaeformis,
P. densata, and P. yunnanensis and the significance test

P. tabulaeformis P. densata P. yunnanensis
Locus Ovule Pollen Zygote Ovule Pollen Zygote Ovule Pollen Zygote
Pgm-1 0.027* 0.013*%  0.017*  0.051% 0.080*  0.064* 0.042% 0.025*%  0.037*
MDh-1 0.043* 0.014*  0.014*  0.009 —0.001 0.001 0.004 0.001 0.003
MDh-2 0.007 —0.003 0.002*  0.005 0.038%  0.020* — 0.000 0.000
Fes 0.026% 0.043*  0.034*  0.111%* 0.080*  0.095% 0.083* 0.064*  0.050%
Lap-1 0.024* 0.021*  0.019%  0.027* 0.004 0.016* 0.022* 0.006 0.015*
Lap-2 0.019* 0.013*  0.016*  0.109* 0.194*  0.147* 0.001 —0.003 0.004
Got-1 0.083* 0.046%  0.063*  0.048* 0.007 0.024%* 0.033*  —0.007 0.009*
Got2 0.011* 0.006*  0.007* — — — 0.022%* 0.027%  0.009*
Got-3 0.040* 0.027%  0.033*%  0.079* 0.080*  0.055% 0.084*  —0.006 0.012%*
GDh 0.003 0.001 0.002* — — — — — —
SDh-1 0.013* 0.006*  0.009*  0.180* 0.203*  0.191*  —0.003 0.009 0.005
SDh-2 0.018% 0.009*  0.011*  0.019* 0.007*  0.011* 0.078%* 0.014 0.047*
Average  0.032* 0.024*  0.026*  0.083* 0.097*  0.086* 0.027* 0.022*%  0.023*
* P < 0.05.

observed heterozygosity in zygotes was 0.193, 0.194, and
0.178 for P. tabulaeformis, P. densala, and P. yunnanensis,
respectively, and the corresponding numbers for the
expected heterozygosity in zygotes were 0.205, 0.232,
and 0.190 (Table 2). Comparison between the ovule
and pollen pools revealed very similar gene diversity but
slightly higher values in the ovules of each species (Table
2). In both the ovule and pollen, as well as in the zygote
pools, P. densata had the highest gene diversity among
the three pines.

Exact tests for departure from H-W equilibrium in
the zygotes revealed that, among the eight populations
of P. tabulaeformis, two populations (Pt-2 and Pt-5)
showed significant deviation from H-W expectations
(Table 2). All the three populations of P. densata and
one population of P. yunnanensis (Py-1) showed devia-
tion from H-W expectations. However, although statisti-
cally significant all the FI values were small and close
to zero. The average FI for each population ranged
between —0.019 and 0.043 in P. tabulaeformis, between
0.038 and 0.097 in P. densata, and between 0.007 and
0.021 in P. yunnanensis, at the seed stage (Table 2). All
populations, except one (Pt-10), had positive fixation
indices, indicating slight homozygote excess.

Single locus estimates of population differentiation
(I5) are presented in Table 3. In P. tabulaeformis all 12
polymorphic loci gave significant I, values among the
zygote populations. In P. densata9 of the 10 polymorphic
loci, and in P. yunnanensis 7 out of 11 loci, were signifi-
cantly differentiated among the zygote populations.
Mean F; values in zygotes ranged from 0.023 (P. yunna-
nensis) to 0.086 (P. densata). Within each species, the
average [, values for ovule, pollen, and zygote popula-
tions were very similar, although slightly higher £ values
were found for ovules in P. tabulaeformis and P. yunna-

nensis. In P. densata, however, the pollen pools gave the
highest £, (0.097). Compared to P. tabulaeformis and
P. yunnanensis, P. densatahad noticeably higher F, values
for all the ovule, pollen, and zygote populations.
Linkage disequilibrium test: Results of the linkage
disequilibria tests in ovules, pollen, and zygotes are sum-
marized in Table 4. The numbers of significant loci
associations among all the possible pair-wise loci combi-
nations were low and similar in all three species. For
example, in P. tabulaeformis, 9 and 1 out of 66 loci combi-
nations were found in close association in zygote popula-
tions of Pt-1 and Pt-6, respectively. In the pollen pool

TABLE 4

Linkage disequilibrium in the investigated populations,
showing the number of significant (P < 0.05) loci associations
among all the possible pairwise combinations of loci

Linkage disequilibrium

Population Ovule Pollen Zygote
Pt-1 5/55 3/55 9/66
Pt-2 1/36 3/36 3/36
Pt-3 1/45 1/36 1/45
Pt5 4/43 3/36 2/43
Pt-6 3/45 0/55 1/66
Pt-8 6/44 2/55 3/55
Pt-9 3/45 3/55 2/55
Pt-10 3/66 3/55 3/66
Pd-1 5/45 1/45 5/45
Pd-2 5/36 2/36 2/36
Pd-7 2/45 0/36 3/45
Py-1 3/45 1/28 0/45
Py-2 2/36 1/44 3/54
Py-3 4/21 2/36 3/36
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F1Gure 2.—Comparison of allozyme and cpDNA composi-
tion in P. densata populations.

of Pt-6, all 55 possible loci combinations were found to
be in random association. Similarly, in the pollen pool
of Pd-7 and zygote pool of Py-1, all loci were found in
random association. Compared to P. tabulaeformis and P.
yunnanensis, P. densata did not show a noticeably higher
degree of disequilibrium in ovule, pollen, and zygote
pools.

Continuing admixture of different gene pools could
generate linkage disequilibrium due to different allelic
frequencies between the parental populations. The
power for detecting linkage disequilibrium is highest
between polymorphic loci (e.g., Fes, Pgm-1, Sdh-1, and
Got-3). If continuing hybridization were the cause of
linkage disequilibrium, we would expect that P. densata
would have more disequilibrium than the parental pop-
ulations. In addition, we would also expect to find that
those loci that were highly differentiated between the
parental populations (such as Sdi-1 and Got3) would
be more often involved in significant disequilibria than
those that were equally polymorphic in all species, with-
out differentiation between the supposed parental spe-
cies (such as Pgm-1 and Fes, Table 1). In fact, this is not
the case. Among the significant disequilibria of Pd-1
and Pd-2, these two groups of loci are equally frequently
involved in the few significant pairs of disequilibria.

Gene admixture analysis and population clustering
pattern: The allozyme composition in each population
was analyzed for the respective gene admixtures from
reference species of P. yunnanensis and P. tabulaeformis.
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FiGure 3.—UPGMA tree for the 14 populations of P. ta-
bulaeformis, P. densata, and P. yunnanensisbased on NEI's (1978)
unbiased distance. Bootstrap support for main nodes is indi-
cated on the corresponding branch.

Of the three populations of P. densata, populations
Pd-1 and Pd-2 had similar amounts of apparent allozyme
mixture from P. yunnanensis (57.8 and 60.4%, respec-
tively, Figure 2), while population Pd-7 showed a very
strong affinity to P. yunnanensis (100%, Figure 2). The
sampled populations of the two reference species, P.
tabulaeformis and P. yunnanensis, showed nearly no ad-
mixture from each other and appeared to be nearly
pure representatives of their respective species (data
not shown).

The UPGMA tree based on NEr's (1978) unbiased
genetic distance for all populations revealed three dis-
tinct groups of populations with strong bootstrap sup-
port (Figure 3). The eight populations of P. tabulaeformis
showed little differentiation and clustered as one group.
Another major cluster was composed of the three
P. yunnanensis populations and one population of
P. densata (Pd-7). The third group comprised the other
two populations of P. densata (Pd-1 and Pd-2) from the
north-central part of its distribution.

DISCUSSION

Genetic structure of P. densata populations: In gen-
eral, we observed similar patterns of gene diversity and
population differentiation in ovule, pollen, and zygote
pools of all three species. All the populations had fixa-
tion index very close to zero, suggesting they can be
regarded as random mating populations. The parti-
tioning of the gene diversity revealed that most of this
diversity occurred within populations of each species
and only 2.3-8.6% (F,) of it resided among populations
of each species. This range of F, values is within the
commonly observed degree of population differentia-
tion for wind-pollinated conifers with continuous distri-
butions (see HAMRICK 1983; E1-Kassapy 1991). Com-
pared to P. tabulaeformis and P. yunnanensis, P. densata
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had noticeably higher diversity measures and popula-
tion differentiation. The present results confirmed the
previous report, which also showed the intermediate
allozyme frequencies and high genetic diversity in
P. densata, as well as the slight homozygote excess in all
populations of the three species (WANG et al. 1990).

Gene admixture analysis based on allozyme frequen-
cies revealed that P. tabulaeformis and P. yunnanensis
provided nearly equal contributions to the allozyme
composition of populations Pd-1 and Pd-2. Population
Pd-7, however, appeared to be much more strongly re-
lated to P. yunnanensis. On the UPGMA tree, Pd-7
grouped with the P. yunnanensis populations, although
farther from them than the distance they spanned.
These findings agree well with the results from a previ-
ous cpDNA analysis (WANG and SzmipT 1994). About
50% of the P. tabulaeformis and 30% of the P. yunnanensis
cpDNA haplotypes were found in Pd-1 and Pd-2,
whereas 65% of the P. yunnanensisand no P. tabulaeformis
haplotypes were found in Pd-7 (Figure 2). However, in
all three P. densata populations a third novel cpDNA
haplotype was detected, which does not appear to have
originated from any extant pines in Asia (WANG and
SzmipT 1994). Thus, we cannot undertake further allo-
zyme admixture analysis by reference to an additional
taxon. Nevertheless, from both allozyme and cpDNA
data, it seems that if there were a third species involved
in the origin of P. densata, its allozyme composition was
probably more similar to that of P. yunnanensis than
P. tabulaeformis. Alleles characteristic of P. densata were
rare and occurred at very low frequencies. It is possible
that these alleles were contributed by the putative third
species. The admixture of genetic material in P. densata
populations is concordant with its observed higher gene
diversity and F, values as compared to P. tabulaeformis
and P. yunnanensis. In addition, the topography of the
region occupied by P. densata is very complex and pre-
sents considerable geographic barriers. Therefore, gene
flow among populations from different regions is likely
to have been limited for P. densata.

The heterogeneity in allozyme and cpDNA composi-
tion among P. densata populations suggests that dif-
ferent populations of P. densata have had different evo-
lutionary histories. It seems that P. yunnanensis and
another species were involved in the origin of P. densata,
and P. tabulaeformis was involved locally. Thus, P. densata
might be multiply derived or certain populations might
have been in contact with one or the other parental
species in the past, leading to the observed differences in
allele and haplotype frequencies among its populations.
Population Pd-7 showed very similar allozyme composi-
tion to P. yunnanensis. This might be suggestive of intro-
gression with its parents in the marginal populations.
Given the huge and complex geographic region occu-
pied by P. densataitis not surprising to discover different
factors involved in the evolution of different popula-
tions.

Speciation and maintenance of P. densata: Homoploid
speciation in plants involves different processes and
mechanisms from polyploid speciation (GRANT 1981;
MCcCARTHY et al. 1995; RIESEBERG 1997; RIESEBERG et
al. 1999; BUERKLE ¢t al. 2000). In a genetic simulation
study, BUERKLE et al. (2000) have shown that ecological
and spatial isolation are required to achieve reproduc-
tive isolation, and thus the stabilization, of homoploid
hybrid derivatives. The opportunity for ecological isola-
tion can arise as a result of adaptation to extreme habi-
tats that are not accessible to parental species. When a
new ecological niche becomes available, speciation may
occur as selection operates on the recombinant geno-
types to form the new coadapted systems that come to
characterize the new species (CarsoN 1975). Thus, many
examples of homoploid hybrid speciation are associated
with range extension, particularly in novel or variable
environments (ANDERSON 1948; LEwWoONTIN and BirRcH
1966; ARNOLD 1997; RIESEBERG 1997).

P. densata represents another example of diploid hy-
brid speciation that involves isolation and adaptation in
an extreme habitat. P. densata differs from many other
plant hybrids in its stability as a well-recognized species.
It occupies a huge territory at high elevations that is
not accessible to the putative parents and other pines
in the region. In this environment, the putative parental
species cannot grow. However, P. densata forms exten-
sive, pure forests and regenerates well. In contrast to
hybrid zones that are maintained by intensive current
gene flow, the origin of P. densata is hypothesized to be
ancient and to be related to the uplift of the Tibetan
plateau, which would date back to atleast 20 mya (GUAN
1981; RuppiMAN and KuTtzacH 1991; HARRISON et al.
1992; Ruppiman 1998). Significant increases in altitude
of the Tibetan plateau are thought to have occurred
~10-8 mya (HARRISON e/ al. 1992; ZHISHENG et al. 2001).
Drastic geographic and climatic changes in that period
could have either brought distant species together or
separated sympatric species and thus altered the flora
(FLorIN 1963; FRENZEL 1968; Guan 1990). This would
provide an opportunity for gene exchange among spe-
cies that were otherwise allopatric. The chronology of
P. densata development, however, cannot be precisely
defined in these geographic events. Nevertheless, the
uplift of the plateau clearly created a new territory and
opportunity for hybrids to develop.

Estimates of the degree of nonrandom associations
among gene loci lend further support to the hypothesis
that populations of P. densata have a stabilized hybrid
nature. If significant gametic disequilibrium is detected
among unlinked neutral markers, like allozymes, cur-
rent gene flow would be expected to be one of the
factors maintaining the hybrid genetic structure (HED-
RICK et al. 1978; WEIR and COCKERHAM 1979; LEWONTIN
1988). In the absence of selection in random mating
populations, the decay of linkage for random unlinked
loci from the baseline of disequilibrium brought about
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by gene exchange would take a few generations (WEIR
1996). In this study, we analyzed both ovule and pollen
pools. They can be regarded as representing different
time events, since pollen represents the most current
gene pool while the ovules represent the mother trees
and therefore were generated some time earlier. We
detected no significant disequilibrium in either gene
pool, even in the populations close to sympatry with
other species. The suspected hybrid had no more dis-
equilibrium than the parental species, and little linkage
disequilibrium was found between polymorphic loci,
independent of whether they were highly differentiated
between the parents or not. This would indicate that
there is no significant ongoing gene exchange among
the complex of species and that the hybrid populations
are at an advanced stage of stabilization. The normal
fertility and high seed production of P. densata indicate
that this hybrid is maintained through normal sexual
reproduction. P. densata may have become genetically
stabilized through selection for certain hybrid geno-
types that show increased fertility and viability in the
species’ ecologically extreme habitat.

The high proportion of mixed allozyme and cpDNA
composition in P. densata populations does not indicate
strong selection acting for or against a particular mating
direction. Artificial hybridization experiments have
shown that genetic barriers among the Asian pines in
the subgenus Pinus are weak. Most of the species can
cross with each other and produce viable seeds (LITTLE
and RIGHTER 1965; KORMUTAK and LANAKovA 1988).
Furthermore, P. tabulaeformis and P. yunnanensis have
been crossed successfully (INSTITUTE OF FOREST GENET-
ICS AT PLACERVILLE, CALIFORNIA, unpublished data). If
there was no fertility difference between mating direc-
tions, both putative parental species could have acted
as pollen donors in the initial hybridization event(s),
and random mating within the population would main-
tain the cpDNA admixture in the initial hybrid popula-
tion, even in the advanced generations, without pro-
ducing the “capture” of a particular type as has been
observed in some other plant hybrids (see RIESEBERG
and Sovrtis 1991). Other factors such aslong generation
time, large population size, and repeated hybridization
in the past would also help to maintain the mixed ge-
netic composition in P. densata.

It should be pointed out that our sampling in the
close-sympatric regions is not extensive, due to the com-
plex and inaccessible terrain. Detailed sampling of P.
densata from areas to both the north and south linking
to the P. tabulaeformis and P. yunnanensis populations
would be needed to accurately assess the gene flow in
the species complex. In addition, artificial hybridization
involving P. densata with either of the putative parents
would be of great value in clarifying several aspects re-
lated to this speciation event, such as the feasibility of
backcrossing, the viability and fertility of the backcross
progeny, the genetic structure of these progeny popula-

tions, and the potential differences in the evolutionary
biology of organellar vs. nuclear genes. Furthermore,
information on maternally inherited mtDNA markers,
in combination with the paternal cpDNA and biparental
nuclear genome data, would shed new light on the evo-
lution of P. densata.
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